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Introduction
While weathering is the most common agent of deterioration for lime-based mortars, one
stressor generally overlooked in the scientific literature is exposure to heat from fire and
subsequent quenching by water during fire suppression. High temperatures from fire
followed by saturation with water may affect the mechanical properties of mortars in ways
that compromise their original function as an integral part of a building’s envelope.
Changes in the strength of these mortars may ultimately influence the post-fire
performance of both the mortar and the masonry system.
Inspired by the devasting fire of the Notre Dame cathedral, this thesis examines lime,
natural hydraulic lime and cement-lime mortars after exposure to fire-level temperatures
and subsequent quenching by water during suppression. The underlying hypothesis is that
high temperatures from fire followed by quenching can affect the mechanical properties of
mortars in ways that compromise their original structural performance and compatibility
with architectural masonry. ASTM D3967-08 Standard Test Method for Splitting Tensile
Strength of Intact Rock Core Specimens is carried out on three mortar types: dry hydrate
lime-based mortar; natural hydraulic lime mortars; and Portland cement-lime mortars.
Tensile strength testing is conducted on sample sets that are subject solely to heat, solely
to saturation with water, to both extreme heat and subsequent saturation, and control
samples. In doing so, this thesis attempts to determine to what degree do these mortars
retain their initial strengths, and, to provide information as to which formulations are best
suited as repointing or bedding mortars for masonry exposed to fire.
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At Notre-Dame and other buildings such as York Minister that experienced a significant
fire, understanding of the effects of fire and subsequent saturation with water on mortars
can be invaluable in modelling subsequent structural stability and could aid in formulating
replacement mortars during its restoration. While historic buildings have always been at
risk of fire, climate change and attendant global warming may exacerbate this risk due to
increased aridity and prolonged droughts. While structural engineers and material scientists
have explored the effects of heat and water saturation on various lithotypes found in
historic and contemporary structures, there is little or no published work on mortars under
similar conditions (Gomez-Heras et al., 2006; 2009; Gunasekaran & Anbalagan, 2007;
Sasińska, 2014; Rongviriyapanich et al., 2016; Mustafa et al., 2019).
This thesis aims to fill in some of those gaps by answering three specific questions
regarding the mechanical performance of mortars after exposure to fire-level temperatures
and fire-suppression by water: The first, is determining which formulation responds best
to heat and water, i.e., to what degree do they retain their initial strengths? For the
predominantly lime-based formulations, what degree of degradation results from exposure
to heat and water? Finally, which formulations are best suited as repointing or bedding
mortars for masonry exposed to fire? These test results will help professionals to
understand any changes in the mechanical properties of mortars under such conditions to
aid in modeling the stability of masonry structures after exposure to fire.
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Overview of mortars
While the earliest documented use of lime as a binder has been observed at Canjenü in
Eastern Turkey, where an excavated terrazzo floor laid with lime mortar dates between
12,000 and 5,000 BCE, lime’s terminus post quem as a building material is still not fully
understood (Von Landsberg, 1992; Elsen, 2006). Although mud and gypsum have been
used as alternative binders to lime in certain regions and times, mortars have predominately
used lime-based binders throughout ancient Europe, with eventual adoptions in the New
World (Elsen, 2006; Carran et al., 2012).
Lime is prepared by firing calcium carbonate rich materials such as limestone, marble,
coral or shell at temperatures ranging from 800° to 900°C (Torraca, 2009). Beginning at
these temperatures calcium carbonate loses gaseous carbon dioxide—roughly 40% of its
weight (see Equation 1). What remains is known as ‘quicklime’, in regard to the sudden
and violent reaction it produces when exposed to liquid water, known as ‘slaking’.
Equation 1: limestone firing (Torraca, 2009:51)

Traditionally, slaking lime involves immersing quicklime in a pit of water to produce ‘lime
paste’, the most rudimentary form of lime-based binders (see Equation 2). Although this
process is still used for many restoration projects, today, hydrating lime is accomplished
by blowing steam over quicklime in industrial kilns (Torraca, 2009). This produces a far
less violent reaction with a greater control of hydration consistency. The final product,
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‘hydrated lime,’ is a dry storable powder that is a contemporary successor to lime paste
(Torraca, 2009).
Equation 2: lime slaking (Torraca, 2009:51)

The primary difference between lime paste and lime hydrate is the latter requires the
addition of water to cure as a binder. As freshly added water evaporates from hydrated
lime, carbon dioxide in the air reacts with lime causing it to set under the process of
carbonation (Torraca, 2009). The curing process begins immediately on surfaces exposed
to air but achieving full reaction of lime can take years as the material’s interior pores are
gradually exposed to carbon dioxide (Torraca, 2009). For this reason, lime-based mortars
are classified as ‘air-setting mortars’ (see Equation 3).
Equation 3: lime setting reaction (Torraca, 2009:53)

For applications in wet or submerged environments where air-setting mortars are deprived
of atmospheric CO2, ‘hydraulic lime’ mortars are common as their initial setups occur by
hydration and not by carbonation. First chronicled by Vitruvius in his book De architectura
between 30 and 15 BCE, hydraulic formulations were often achieved by using pozzolanic
materials such as volcanic ash or brick dust mixed into quicklime, producing the binding
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agent for what is known as ‘Roman Concrete’ (Cowan, 1977; Torraca, 2009). As their use
fell into obscurity with the fall of the Roman Empire, methods of producing hydraulic lime
binders were not similarly produced until the 18th century, when John Smeaton discovered
the hydraulic properties of firing naturally clay-rich limestones.
Through experimentation of firing naturally ‘dirty,’ or ‘impure,’ limestones (rich with
clay), Smeaton observed an increase in their hydraulicity—or ability to set under water—
depending on their clay contents (Cowan, 1977). This discovery of ‘natural hydraulic
limes’ (NHLs), became the foundation for hydraulic, or water-setting, mortars, and helped
to pioneer the late 18th to early 19th century production of natural cements (Cowan, 1977).
Chemically, NHLs are produced by kiln-firing clay-rich limestones around 1000°C in
which a silica-lime reaction occurs between silica in clays and limestone’s calcite to
produce di-calcium silicate, as exemplified below (Torraca, 2009):
Equation 4: symbols used in the chemistry of hydraulic binders (Torraca, 2009:58)

Equation 5: production of hydraulic lime (Torraca, 2009:59)

Giving NHL its hydraulicity, di-calcium silicate produced during firing reacts with water
to form calcium silicate hydrate, immediately beginning the setting process (Torraca,
5

2009). While the greatest portion of a hydraulic lime binder strength comes from the
reaction of hydrated calcium silicates, overall hardness increases during a secondary lime
setting reaction as the free lime in mortar carbonates when exposed to the atmosphere
(Torraca, 2009).
Secondary carbonation of hydraulic lime mortars is due to greater amounts of calcite
compared to clay used in NHL manufacturing, wherein not all of the CaCO3 reacts with
silica to produce a di-calcium silicate when fired (Torraca, 2009). The result is a significant
amount of remaining calcium oxide—quicklime—that does not contribute to the mortar’s
hydraulicity. Much of this CaO is turned to Ca(OH)2 upon the mortar’s initial saturation
and eventually air-sets with exposure to CO2 (Torraca, 2009). However, restricted pores in
an NHL mortar often impedes the absorption of CO2 by these particles of calcium
hydroxide (‘free lime’), resulting in ongoing carbonation over years of curing (Torraca,
2009). The following is the physiochemical explanation of the initial setting reaction of
hydraulic lime and secondary carbonation, as just described:
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Equation 6: setting reaction of hydraulic lime (Torraca, 2009:59)

Equation 7: carbonation of hydraulic lime after setting (Torraca, 2009:59)

Similar to NHL mortars in terms of hydraulicity attained from clay, ‘Portland cement’ is
manufactured via a mixture of limestone and clay, but at roughly 20% clay content
compared to the 8-16% used in various hydraulic lime formulations (Torraca, 2009; Saint
Astier, 2016). Although Portland cement was first patented by Joseph Aspdin in 1824, in
1845, I.C. Johnson succeeded in producing a level of hydraulicity in cement that is common
today (Cowan, 1977; Torraca, 2009). Johnson accomplished this by raising firing
temperatures during to ~1450°C, where limestone and clays are vitrified into ‘clinker,’ a
blend di- and tri-calcium silicate, tri-calcium aluminate, and calcium alumino-ferrites that
sets very rapidly upon hydration (Torraca, 2009). The reaction speeds of clinker
compounds are so great that ~5% of gypsum powder is commonly added to the final
product to retard their setup times (Cowan, 1977; Torraca, 2009). When hydrated, the dicalcium silicate present in Portland cement produces free lime that gradually increases the
binder’s strength as it is slowly carbonated into CaCO3. The following is the
physiochemical explanation of the Portland cement manufacturing process and setting
reaction, as just described:
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Equation 8: Portland cement manufacture (Torraca, 2009:62)

Equation 9: setting reaction of Portland cement (Torraca, 2009:62)

Over the past two centuries, different formulations of quicklime, lime, natural hydraulic
lime and Portland cement-lime binders have been used in architectural mortars.
Formulations were chosen by architects and builders either for their material properties or
due to their availabilities over time. As industries change, so do building practices, which
are physically represented as artefact in the fabrics of historic structures. An example of
this is the common use of more commercially available high strength mortars to repoint
masonry walls originally constructed with softer, lime-based mortars. The use of more than
one mortar is so common in historic buildings that it is imperative to study the effects of
fire and water damage on all of these mortar types, both traditional and contemporary.
While aggregate types may vary widely over different regions and times, mechanical
properties of mortars are generally more dependent on their binder to aggregate ratios and
8

the type of binder employed. For Portland cement-lime mortars, varying lime-cementaggregate ratios produces five standardized types that are characterized by their minimum
compressive strengths after 28 days of curing: M, S, N, O, & K as designated by the ASTM
Standard C270 – Standard Specification for Mortar for Unit Masonry. Three Portland
cement-lime mortars, types S (1,800 psi), O (350 psi), and K (75 psi) are used in this study.
Contemporary natural hydraulic limes have three standardized minimum compressive
strength ratings after 28 days of curing that are measured in newtons per square millimeter
or mega Pascals (N/mm² or MPa): 2, 3.5, and 5 (EN 459-1, 2010). These strengths are
dictated by the percentage of silicates from clays present when they are fired, producing
di-calcium silicates. For the NHLs used in this study and sourced from Saint Astier, the
NHL 3.5 has 8-12% siliceous clays by weight, and the NHL 5 contains 12-16% (Saint
Astier, 2016). By comparison, this study’s traditional, air-setting hydrated lime-based
mortar has an estimated compressive strength of ≤1 N/mm² and has a clay content of <1%
(Carmeuse, 2019).

Literature review
Scant literature exists that details the effects of fire and water-quenching on traditional
mortars. Fortunately, literature is available on the study of the effects of heat, saturation,
or heat and quenching on traditional architectural stones as well as some cement-limebased mortars (Gomez-Heras et al., 2006; 2009; Gunasekaran & Anbalagan, 2007;
Sasińska, 2014; Rongviriyapanich et al., 2016; Mustafa et al., 2019). These publications
serve as a starting point for studying the effects of fire level temperatures and quenching
on a range of mortar formulations.
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When stones are heated by fire, a temperature gradient occurs between the surface of a
stone and its interior. This difference in temperature usually results in decay being
constrained to the first few centimeters (Gomez-Heras et al., 2009). For clay-bearing
silicate rocks such as some sandstones or siltstones, the main effects of fire are related to
changes in the clay minerals (Gomez-Heras et al., 2009). Between ~250°C and 600°C these
minerals undergo changes that may lead to the collapse of their mineral structures (GomezHeras et al., 2009). As these clay-borne minerals are no longer present in NHL and Portland
cement due to chemical alteration during the firing process (and are essentially lacking in
non-hydraulic lime mortar), microstructural changes in mortars resulting from exposure to
fire may be limited solely to the calcination of calcium hydroxide and calcite.
Akin to the microstructural changes observed in clay-borne minerals, current literature
provides a wide range of temperatures (~600°C - ~916°C) for the conversion of calcium
carbonate to calcium oxide. (Chakrabarti et al. 1995; Gunasekaran & Anbalagan, 2007;
Gomez-Heras et al., 2009; Torraca, 2009; Lindroos et al., 2012). Previous experiments
indicate that reductions in biaxial flexural strengths of CaCO3-rich stones (i.e., Vermont
marble and Indiana limestone) become very evident at temperatures ~600°C, as well as
physical disaggregation in regions exposed to concentrated heat, such as to direct flame
(Sasińska, 2014).
Petrographic analyses of ancient pottery containing calcite crystals indicate that firing at
various temperatures produces a volumetric reduction that results in localized voids as they
convert to calcium oxide (Quinn, 2013). Further literature claims that rehydration of
calcium oxide crystals in fired limestones produces subsequent volumetric increases by
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essentially ‘re-slaking’ these crystals into calcium hydroxide (Gomez-Heras et al., 2009).
It can therefore be hypothesized that both of these volumetric changes may occur in limebased mortars exposed to heat and to heat followed by saturation with water. However, it
is unclear to what degree immediate or long-term rehydration of fired limestone or limebased mortars may have on their mechanical performances, as experiments immediately
quenching fired limestones have not produced direct correlations (Sasińska, 2014). Some
literature postulates that limestones generally do not spall from temperature-induced
volumetric changes of their minerals because their grains sit in a porous matrix that enables
these stones to absorb some internal mechanical stresses (Gomez-Heras et al., 2009). If
true, the physical similarities of calcareous, porous matrixes in limestones and lime mortars
may elicit an observable resistance to volumetric changes of mortar under subjection to
fire.
As for the mineralogical effects of heat on lime-based mortars, it is important to reiterate
that calcite is commonly burned at temperatures over 900°C for several days to produce
quicklime from limestone (Cowan, 1977; Lindroos et al., 2012; Torraca, 2009). In this
reaction, CO2 is lost, reducing CaCO3 to CaO + CO2. Some studies mark that this
breakdown begins at ~781°C, culminates at ~834°C, and ends at ~916°C (Gunasekaran &
Anbalagan, 2007; Lindroos et al., 2012). While temperatures in this range are required for
calcining geologically ‘mature’ crystalline calcium carbonates in limestone, studies have
shown that calcite in mortar begins to off gas carbon dioxide at ~600°C (Lindroos et al.,
2012).
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Although a previous study demonstrates lost CO2 from calcined mortars begins to be
replaced from the atmosphere as soon as temperatures drop and is almost completely
replaced within a few days, this in situ re-carbonation of fire-borne calcium oxide to
calcium carbonate may affect the mechanical strengths of a mortar (Lindroos et al., 2012).
This hypothesis is predicated on the concept that the crystals of CaCO3 produced during
the curing process of dry-hydrates physically differ from those produced by the post-fire
atmospheric-based carbonation (re-calcined quicklime) as just discussed. With these
varying crystalline structures, disparities in mechanical strengths may form within a mortar
(or on the surface of a mortar) that have been exposed to recalcination during a fire.
In conjunction with being significantly richer in chemical impurities from their
manufacturing process, calcination temperatures for post-fire, mortar-borne calcite crystals
may be significantly lower than that of geologically formed calcite— approximately 600°C
(Lindroos et al., 2012). It can therefore be hypothesized that lower calcination temperatures
observed in lime-based mortars may be significantly decreased from multiple exposures to
fires and the subsequent renewals of the carbonation cycle, resulting in continually
diminishing crystalline structures. If so, it is likely that this diminishment will negatively
affect the material strengths of a mortar.
Studies show that under exposure to fire-level temperatures, stones with high densities of
quartz are likely to experience spalling or cracking due to the thermal expansion and microcracking. It is not clear to what if degree of effect α-β quartz transitions may have on the
mechanical properties of lime mortars, but it important to acknowledge this process as
quartz is one of the primary constituents in mortar aggregates.
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Two of the more common decay mechanisms for porous masonry are salt crystallization
and freezing water. The degree of damage associated with these mechanisms is related to
the initial porosity and pore-size distribution. (Gomez-Heras et al., 2009; Torraca, 2009).
Multiple publications claim that in stone (independent of type) these inherent properties
can be permanently changed by high temperatures induced by fire (Gomez-Heras et al.
2006; 2009). Porosities may increase by a factor of up to thirteen times initial values,
presumably due to the thermal expansion of mineral grains, although other unknown
factors may ultimately be responsible (Gomez-Heras et al. 2006; 2009). Furthermore, the
literature suggests that stones with lower initial porosities (i.e., granite) exhibit greater
volumetric increases (Gomez-Heras et al. 2006; 2009).
Although relatively more porous than stones such as granite, limestone may also result in
porosity increases from fire due to the calcination (Gomez-Heras et al., 2009). In
conjunction with the hypothetical in situ mortar calcination temperature of ~600°C cited
in the literature, these increases may occur at lower temperatures in mortar than for natural
limestone (Lindroos et al., 2012).
Another effect of fire on mortar porosity—although not explored in this study—is the
deleterious process of combustion-induced soiling. Known to affect masonry subjected to
building fires, the accumulation of oils and waxes impedes the functionality of mortar to
aid in absorbing excess moisture and evaporating it from stone (Gomez-Heras et al., 2009).
In result, much of an affected area of mortar may result in the need to be cut out and
replaced (Gomez-Heras et al., 2009). This is not only for the immediate psychological
effect on the viewer of discoloration, but when carbonized residues are left on otherwise
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unaffected mortar joints for long enough, salts are often found to build up behind the
impermeable surface, increasing the likelihood of crystallization damage (Gomez-Heras et
al., 2009).
Like the effects of heat-induced damage, little information is published on the effects of
water saturation or quenching on the performance of lime-based mortars. However, several
studies are available on these effects of saturation on cement-based mortars and concrete,
and the thermal shocking of limestones after exposure to high temperatures (Vásárhelyi &
Ván, 2006; Chen et al., 2013; Sasińska, 2014; Mustafa et al., 2019).
Although not specifically related to lime-based mortars, experiments demonstrating the
saturation-induced changes in the mechanical properties of Portland cement-based mortar
may provide a framework for better understanding these effects in saturated lime mortars.
Such experiments show that the percentage of liquid saturation has a direct correlation to
the elastic moduli, plastic deformation limits, and mechanical strengths of cement mortars,
with reductions of these properties at increased liquid water contents (Bazant & Wittman,
1982; Popovics, 1986; Yurtdas et al., 2004a; 2004b; Mustafa et al., 2019). It is unknown
if these reductions in mechanical strengths reverse (to any degree) upon lowering saturation
levels. While possibly relevant to the mechanical performances of lime-based mortars,
cement mortars and concrete have pore sizes that are orders of magnitude lower than that
of the lime mortars tested in this study.
An analysis of a 1:1 v/v cement-to-sand mortar (excluding a lime binder) demonstrates the
differences in responses to static loading under both dry and saturated conditions (Mustafa
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et al., 2019). Stress testing indicates that as pore pressure increases with saturation, cement
mortars tend to exhibit greater ductile behavior with up to a 36% reduction in compressive
strength and up to 23% reduction of their initial elastic mechanical properties (Young’s
modulus and Poisson’s ratio) compared to dry equivalents (Mustafa et al., 2019). Higher
resistance to failure and deformation is still exhibited in drier mortars (Mustafa et al.,
2019). Interestingly, while the force required to break saturated mortar samples is reduced,
they exhibit a more ductile mode of deformation than unsaturated samples, with reduced
surface fractures compared to more pronounced ones in dry samples (Mustafa et al., 2019).
This physical reduction in surface fracturing in saturated samples may be the byproduct of
a gradual collapse of their intergranular framework or internally generated cracks, rather
than moments of more dramatic failure observed in in dry samples (Mustafa et al., 2019).
Conversely, it is worth noting that impact resistance and fracture toughness of saturated
cement mortar actually increases in dynamic loading compared to dry control mortar
(Mustafa et al., 2019). However, any correlation to these saturation-induced changes in the
mechanical properties of cement mortar and concrete to saturated lime mortars is still
unknown.
A study of the material durability of Portland sandstone, Indiana limestone, and Vermont
marble employing two modes of heating (via oven and direct flame) with and without
subsequent quenching, demonstrates the nuances of these stressors’ influence on the
porosity of stones, and thusly of their mechanical strengths (Sasińska, 2014). On average,
porosity increases more significantly in stones subject to heat in an oven for 24 hours (at
1000°C for sandstone; 600°C for limestone and marble) compared to those via a direct
15

flame for 5 minutes, with the most significant increase in porosity observable in sandstone
(Sasińska, 2014). Immediate quenching in water reveals that porosity further increases
slightly compared to stones that cool via ambient radiation. Furthermore, contrary to other
published literature on the shock-effects of quenched stone, quenched samples also exhibit
less physical deterioration, post-heating, than those that ambiently cool (Gomez-Heras et
al., 2009; Sasińska, 2014). This outcome suggests that thermal damages continue in stone
after elimination of a heat source due to residual internal temperatures and may affect
mortars in a similar manner (Sasińska, 2014).
Biaxial flexure tests in the previously cited study indicate that limestone and marble heated
to temperatures of 600°C, and sandstone heated to 1000°C, experience a significant loss in
their flexural strength compared to unheated counterparts (Sasińska, 2014). Immediate
quenching on heated stones does not appear to have a significant effect on their modulus
of elasticity and flexural strengths. Quenched samples do exhibit higher survival rates in
terms of overall material consolidation, as opposed to samples cooled by ambient radiation
at room temperature, where material disaggregation is observed over a period of time
(Sasińska, 2014). Quenched samples also retain more of their original shape compared to
air-cooled ones under multiple freeze/thaw cycles (Sasińska, 2014). These phenomena are
presumably due to the latent effects of heat while slowly cooling where differences in the
coefficients of expansion and contraction of minerals may vary, resulting in varying
internal stresses. However, the means of heat delivery and sample size in this cited study
employ samples that are exposed to high temperatures in their entirety. Therefore, the
experiment may not be a good model for real-world exposure of fire to the exposed side of
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a building stone where temperature gradients in the outer 20 mm are commonly observed
(Gomez-Heras et al., 2009; Rongviriyapanich et al., 2016). The results of the abovedescribed experiments of quenching stones after heating may vary from results from
quenching in situ.
Based on the information available through published studies, this thesis utilizes a sample
design, method of heat delivery, specific temperature, and exposure duration to create
uniform conditions throughout the each of the mortar samples under investigation. Through
the methods employed, this study explores the effects of fire-levels of heat and subsequent
quenching on the tensile strengths of several mortar types through mechanical testing. By
employing an oven-heating method, this study does not test surface effects (or temperature
gradient) of heat on these mortars, nor the effects of varying heat-input temperatures that
are analogous to real-world fires. Rather, this study uniformly heats samples with the
specific temperature of 700°C based on known behaviors of calcination in mortars (as cited
above).
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Methodology
Testing
This thesis explores the independent and combined effects of heat and water saturation on
the mechanical properties and strength characteristics of six different types of mortars used
in historic contexts. Two natural hydraulic lime base mortars (using St. Astier NHL 3.5 &
5), three Portland cement-lime mortars (S, O, & K as per ASTM C270 Standard
Specification for Mortar for Unit Masonry), and dry hydrate lime-based mortars are
employed in this study. Mechanical properties are determined using ASTM-D3967-08
Standard Test Method for Splitting Tensile Strength of Intact Rock Core Specimens using
an Instron model 4206 with an analog-to-digital stress and displacement logger.
The splitting tensile strength of the specimens is calculated as follows:
Equation 10: formula for tensile splitting strength

σt = 2P/πLD
and the result shall be expressed to the appropriate number of significant
figures (usually 3), where:

σt = splitting tensile strength, MPa (psi),
P = maximum applied load indicated by the testing
machine, N (or lbf)
L = thickness of the specimen, mm (or in.)

D = diameter of the specimen, mm (or in.)
A minimum of forty samples of each mortar type are prepared and cured for roughly 3
months. All mortars are created in PVC tube cores to set for 2 weeks in an enclosure
providing a continuous flow of air for the exchange of CO2 while maintaining ~75% RH
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to ensure surface carbonation. Cores are then removed from PVC molds and undergo 20
minutes of full submersion in tap water once a day for ~1 month in order to hydrate as
much free-lime as possible for greater carbonation pre-cutting into individual samples.
Individual sample production is carried out conforming to the ASTM- D3967 – 08
(Standard Test Method for Splitting Tensile Strength of Intact Rock Core Specimens)
requirements for test specimens, where thickness-to-diameter ratio (t/D) of each test
sample must be between 0.20 and 0.75. With mortar core diameters of 2” (50.80 mm) and
~3.00” / 76.20 mm in length, the thicknesses of each sample are cut within a range of 15.00
mm (t/D = 0.20) – 18.00 mm (t/D = 0.24) to maximize the number of samples produced.
Minimizing damage to possibly uncarbonated core interiors, hydrated lime and NHL
samples are cut to size with a precision cutting Struers MOD15 ceramic and mineral
diamond cut-off wheel (with a hardness value of >800). Types S, K, & O cement-lime
mortar samples are cut to size using standard commercial wet saw.
Individual samples of each mortar are then randomized within their respective types to
eliminate disparities between individual cores. Full submersion in tap water for twenty
minutes is continued daily for approximately 2 months to achieve maximum carbonation
given scheduling parameters before testing.
Each mortar type is divided into four separate cohorts: controls; water saturation; oven
heated, oven heated and subsequently quenched. Once the relative cohorts are subjected to
700°C of heat in an oven for 24 hours, full water saturation, or both, all cohorts are subject
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to ASTM D3967-08 tensile strength testing. From the test results, average failure moments
and overall tensile strengths are calculated for each mortar type.
Samples are subjected to the Standard Test Method for Splitting Tensile Strength of Intact
Rock Core Specimens at varying preloads and rates of speed to ensure enough time to test
each cohort while still allowing for 60-120 seconds for force to build; ~90 seconds until
failure is achieved for most samples by adjusting speed for each testing based on the
previous test. As required by ASTM- D3967 – 08 specifications, this time frame is within
the acceptable limits as to allow intergranular collapse to produce a failure moment, rather
than a failure akin to ballistic-type force. To ensure contact with the Instron compression
plates, each sample is placed between two ¼” plywood pieces with preload load carefully
exerted onto each sample to ensure proper seating and to avoid initial compression of the
wooden seats’ pieces into the resulting stress-displacement calculations (see Figure
1Figure 2, below).
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Figure 1: A typical mortar sample shown with two ¼” plywood seats

Figure 2: A typical mortar sample shown with two ¼” plywood seats undergoing tensile split testing
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Predictions
Based on known compressive strengths for each mortar type, predictions of average tensile
splitting strengths are assumed to correspond for the control samples of each mortar type.
Tensile splitting strengths are predicted to decrease amongst all mortar types when fully
saturated, but to exhibit greater displacement (or lower slopes on the stress-displacement
graph) before failure based on previous studies on saturated cement mortars (Bazant &
Wittman, 1982; Popovics, 1986; Yurtdas et al., 2004a; 2004b; Mustafa et al., 2019). Heated
samples are predicted to fail under significantly less stress that that of control or saturated
samples due to the volumetric increases resulting from α- to β-quartz transitions at 573°C.
Although previous studies on the thermal effects of stones’ strengths indicate that
quenching masonry wards off residual thermal damages during cool-down periods, it is
predicted that quenched mortar samples exhibit less tensile strength than those heated due
to calcination at temperatures ~600°C, as cited in previous literature (Chakrabarti et al.,
1995; Gomez-Heras et al. 2006; 2009; Sasińska, 2014).
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Results by mortar type
Results of the ASTM- D3967 – 08 (Standard Test Method for Splitting Tensile Strength of
Intact Rock Core Specimens) are qualitatively similar to predictions for each stressors’
effect on the tensile strengths of the six different mortar types. Some mortar cohort results
defy predictions for mortar types under exposure to 700°C of heat in an oven for 24 hours
and that are subsequently quenched.
Results are demonstrated in two separate ways in this thesis. The first is to review each
mortar type and the differences in each cohorts’ actual average and representatives’
splitting strengths under the given stresses (i.e., controls, saturated, heated, quenched). The
second, is by observing the actual and representatives’ splitting strength of each stressor
cohort, showing the disparities of each mortar type under the same conditions.
Averages of each mortar type regarding each specific stressor are calculated in terms of
maximum tensile splitting strengths in megapascals (MPa) then matched with the most
similar sample to serve as a cohort representative. Both mortar averages and cohort
representative samples’ splitting tensile strengths are reported in this section. By exhibiting
cohort representatives’ results for each mortar type, an accurate representation of real-time
stress-displacement cohort averages is displayed by means of scatter plots.
As displacement at failure (in mm) of each cohort representative when subjected to
stressors is not a true quantitative indicator of mortar stiffness, scatter plot representation
of displacement is a means to qualitatively assess this mechanical characteristic via stressdisplacement slopes. By solely utilizing cohort sample representatives, this method enables
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a depiction of a real-world facsimile of displacement at failure (in mm) without blurring
the minutia of their stress-displacement curves by averaging all tested samples.
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Lime-based samples
The following is a description of tensile splitting strength testing of a lime-based mortar
subjected to each stressor.
Lime-based samples are made of a dry hydrate lime and assorted river sands, including
small gravels. It is important to note as the aggregates that comprise this formulation are
different from those contained in all other mortar types in this study. As well, the dry
hydrate lime binder is sourced from a separate supplier than all other mortar types. Any
discrepancies in mechanical performance based on these differences are unknown but
acknowledged.
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Figure 3: Complete lime-based mortar group (pre-testing; pre-gypsum coating)

Lime-based samples are subjected to the given stressors upon having their flat surfaces
coated with high-strength gypsum plaster to fill in voids that occur during the sample
cutting process.

26

Graph 1: Stress-displacement curves of lime-based samples representatives under control conditions, heating, and
saturation

*(do not meet ASTM D3967 minimum required samples)
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Control samples
Tensile splitting tests are conducted at a speed range of .500 – 1.000 mm/min (to keep
individual testing times to ~90 seconds) to 11 samples with an average tensile splitting
strength of 0.743 MPa (with a standard deviation of 0.242 MPa).
Sample No. 10 is selected for visual data representation as it best resembles the cohort’s
average tensile splitting strength at .802 MPa; displacement at failure is recorded at 1.824
mm (see Graph 1: Stress-displacement curves of lime-based samples representatives under
control conditions, heating, and saturation). Most tensile splitting is observed along the
vertical centerline between the Instron’s compression plates, where tensile forces are
concentrated (see Figure 5).
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Figure 4: Lime-based control representative – pre-loading

Figure 5: Lime-based control representative – at failure
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Saturated samples
Tensile splitting tests are conducted at a speed range of .500 – .700 mm/min (to keep
individual testing times to ~90 seconds) on 10 samples with an average tensile splitting
strength of 0.412 MPa (with a standard deviation of 0.131 MPa), a 44.5% decrease from
the control.

Figure 6: Saturated lime-based samples after splitting

Sample No. 5 is selected for visual data representation as it best resembles the cohort’s
average tensile splitting strength at .397 MPa (see Graph 1: Stress-displacement curves of
lime-based samples representatives under control conditions, heating, and saturation).
Displacement at failure is recorded at .753 mm, a 58.7% decrease from the control. Most
tensile splitting is observed along the vertical centerline between the Instron’s compression
plates, where tensile forces are concentrated (
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Figure 8).

Figure 7: Lime-based, saturated representative – pre-loading
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Figure 8: Lime-based saturated representative – at failure

Based on the comparative slopes of tensile splitting strength graphs, saturated samples are
weaker than control samples and slightly stiffer (see Graph 1: Stress-displacement curves
of lime-based samples representatives under control conditions, heating, and saturation).
Heated samples
Tensile splitting tests are conducted at a speed range of .300 – .500 mm/min (to keep
individual testing times to ~90 seconds) to only 7 samples out of the original 14 designated
to be heated, thereby not meeting ASTM- D3967 – 08 requirements (a minimum of 10).
Of these 7 samples, 6 produce measurable data, producing an average tensile splitting
strength of 0. 0.014 MPa (with standard deviation of 0.002 MPa), a 98.1% decrease from
the control average.
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Figure 9: Heated lime-based samples after splitting

Sample No. 7 is selected as best resembling the surviving cohort’s average tensile splitting
strength at .014 MPa, a 98.1% decrease from the control representative. Displacement at
failure is recorded at .116 mm, a 93.6% decrease from the control. Most tensile splitting is
observed along the vertical centerline between the Instron’s compression plates, where
tensile forces are concentrated.
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Figure 10: Lime-based, heated representative – pre-loading

Heated lime-based mortar samples develop a pinkish color that permeates throughout their
inner profile when split open. As well, high-strength gypsum plaster tends to flake off the
mortar, possibly reducing overall tensile strength by no longer filling in surface
irregularities. Significant outer surface disaggregation is observed along the outer edges of
many samples (see Figure 11).
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Figure 11: Lime-based heated samples demonstrating cracked gypsum coatings and pinkish interior aggregates

Quenched samples
No samples of lime-based mortar survive quenching from 24 hrs. of 700oC heat in an oven
to being submerged in cold tap water with minimal cool-down time (see Figure 12) for an
average post-oven condition). Upon quenching, all 12 samples instantly boil the water
around them and begin to disintegrate (Figure 12). The result is a total disaggregation of
the mortar and nothing is left to test, let alone document. One sample is quenched while
contained in a paper towel to observe physical changes, resulting is a slurry of pink
aggregates (Figure 12).
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Figure 12: Compilation of quenching process, left to right — typical lime-based sample condition upon removal
from oven at 700oC; quenching producing rapid boiling and disaggregation; sample quenched in a paper towel to
contain debris; picture taken upon full cool-down — note pink coloration of aggregates
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NHL 3.5
The following is a description of tensile splitting strength testing of NHL 3.5 mortar
subjected to each stressor.
This mortar consists of dry hydrate natural hydraulic lime (3.5 N/mm² compressive
strength) binder and ASTM C144–18 Standard Specification for Aggregate for Masonry
Mortar graded sands.

Figure 13: NHL 3.5 mortar sample samples after cutting from mortar core
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Graph 2: Stress-displacement curves of NHL 3.5 samples representatives under control conditions, heating, saturation,
and quenching

*(do not meet ASTM D3967 minimum required samples)

Control samples
Tensile splitting tests are conducted at a speed of .700 mm/min (to keep individual testing
times to ~90 seconds) to 10 samples with an average tensile splitting strength of 0.384 MPa
(with a standard deviation of 0.102 MPa).
Sample No. 1 is selected for visual data representation as it best resembles the cohort’s
average tensile splitting strength at .389 MPa (Graph 2). Displacement at failure is recorded
at ~1.10 mm. Most tensile splitting is observed along the vertical centerline between the
Instron’s compression plates, where tensile forces are concentrated.
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Figure 14: NHL 3.5 control representative – pre-loading

Figure 15: NHL 3.5 control representative – at failure
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Saturated samples
Tensile splitting tests are conducted at a speed of .700 mm/min (to keep individual testing
times to ~90 seconds) to 10 samples with an average tensile splitting strength of 0.312 MPa
(with a standard deviation of 0.77 MPa), an 18.8% decrease from the control average.

Figure 16: NHL 3.5 saturated samples–pre-testing
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Figure 17: NHL 3.5 saturated samples–post-testing

Sample No. 4 is selected as best resembling the cohort’s average tensile splitting strength
at .257 MPa, a 33.9% decrease from the control representative. Displacement at failure is
recorded at ~.750 mm, a 31.8% decrease from the control. Most tensile splitting is observed
along the vertical centerline between the Instron’s compression plates, where tensile forces
are concentrated.
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Figure 18 NHL 3.5 saturated representative – pre-loading

Figure 19: NHL 3.5 saturated representative – at failure
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Based on the comparative stress-displacement slopes of tensile splitting strength compared
to displacement that is graphed of the representative sample, saturated samples are weaker
than control samples and similar in stiffness (see Graph 2).
Heated samples
Tensile splitting tests are conducted at a speed of .700 mm/min (to keep individual testing
times to ~90 seconds) to 10 samples with an average tensile splitting strength of 0.029 MPa
(with a standard deviation of 0.017 MPa), a 92.4% decrease from the control average.

Figure 20: NHL 3.5 heated samples–pre-testing
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Figure 21: NHL 3.5 heated samples–post-testing

Sample No. 9 is selected as best resembling the cohort’s average tensile splitting strength
at .029 MPa, a 92.5% decrease from the control representative. Displacement at failure is
recorded at ~.140 mm, an 87.3% decrease from the control. Most tensile splitting is
observed along the vertical centerline between the Instron’s compression plates, where
tensile forces are concentrated. For all of the samples, some aggregates are pinker in color
upon their surfaces’ and interiors compared to the controls.
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Figure 22: NHL 3.5 heated representative – pre-loading

Figure 23: NHL 3.5 heated representative – at failure
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Quenched samples
Only one sample survives the stress of quenching from 24 hrs. of 700oC heat to being
submerged in water with a minimal cool-down time and does not meet ASTM- D3967 –
08 requirements for minimum required sample quantity. Upon quenching, all 9 other
subjected samples instantly boil the water around them and disintegrate. The result is a
partial or total disaggregation of the mortar and nothing is left to test (see Figure 25).

Figure 24: Typical NHL 3.5 sample post-heating/pre-quench
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Figure 25: Typical NHL 3.5 sample post-quench

A tensile splitting test is conducted at a speed of .450 mm/min (aiming for a testing time
of ~90 seconds) on sample No. 1, exhibiting a tensile splitting strength of .032 MPa, a 91.7%
decrease from the control average; a 91.8% decrease from the control representative.
Displacement at failure is recorded at ~.160 mm, an 85.5% decrease from the control
representative. Tensile splitting is observed along the vertical centerline between the
Instron’s compression plates, where tensile forces are concentrated but exhibit far more
general compressive deterioration during the test than all other stress-cohorts.
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Figure 26: NHL 3.5 quenched representative – pre-loading

Figure 27: NHL 3.5 quenched representative – post-loading
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NHL 5
The following is a description of tensile splitting strength testing of NHL 5 mortar
subjected to each stressor.
This mortar consists dry hydrate natural hydraulic lime (5 N/mm² compressive strength)
binder and ASTM C144–18 Standard Specification for Aggregate for Masonry Mortar
graded sands.

Figure 28: NHL 5 samples after cutting from mortar cores
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Graph 3: Stress-displacement curves of NHL 5 samples representatives under control conditions, heating, saturation,
and quenching

*(do not meet ASTM D3967 minimum required samples)

Control samples
Tensile splitting tests are conducted at a speed of .700 mm/min (to keep individual testing
times to ~90 seconds) to 10 samples with an average tensile splitting strength of 0.467 MPa
(with a standard deviation of 0.131 MPa).
Sample No. 8 is selected as best resembling the cohort’s average tensile splitting strength
at .445 MPa. Displacement at failure is recorded at ~1.10 mm. Most tensile splitting is
observed along the vertical centerline between the Instron’s compression plates, where
tensile forces are concentrated.
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Figure 29: NHL 5 control representative – pre-loading

Figure 30: NHL 5 control representative – at failure
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Saturated samples
Tensile splitting tests are conducted at a speed of .700 mm/min (to keep individual testing
times to ~90 seconds) to 10 samples with an average tensile splitting strength of 0.351 MPa
(with a standard deviation of 0.074 MPa), a 24.8% decrease from the control average.

Figure 31: NHL 5 saturated samples–pre-testing
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Figure 32: NHL 5 saturated samples–post-testing

Sample No. 4 is selected as best resembling the cohort’s average tensile splitting strength
at .349 MPa, a 21.6% decrease from the control representative. Displacement at failure is
recorded at ~.725 mm, a 34.1% decrease from the control. Most tensile splitting is observed
along the vertical centerline between the Instron’s compression plates, where tensile forces
are concentrated (Figure 34).
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Figure 33: NHL 5 saturated representative – pre-loading

Figure 34: NHL 5 saturated representative – pre-loading
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Based on the comparative stress-displacement slopes of tensile splitting strength compared
to displacement that is graphed of the representative sample, saturated samples are weaker
than control samples and similar in stiffness (see Graph 3).
Heated samples
Tensile splitting tests are conducted at a speed of .700 mm/min to (to keep individual
testing times to ~90 seconds) 10 samples with an average tensile splitting strength of 0.029
MPa (with a standard deviation of 0.010 MPa), a 93.8% decrease from the control average.

Figure 35: NHL 5 heated samples–pre-testing
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Figure 36: NHL 5 heated samples–post-testing

Sample No. 9 is selected as best resembling the cohort’s average tensile splitting strength
at .029 MPa, a 93.5% decrease from the control representative. Displacement at failure is
recorded at ~.118 mm, an 89.3% decrease from the control. Most tensile splitting is
observed along the vertical centerline between the Instron’s compression plates, where
tensile forces are concentrated (Figure 38). For all of the samples, some aggregates are
pinker in color upon their surfaces’ and interiors compared to the controls.
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Figure 37: NHL 5 heated representative – pre-loading

Figure 38: NHL 5 heated representative – at failure
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Quenched samples
Two sample survive the stress of quenching from 24 hrs. of 700oC heat to being submerged
in water with a minimal cool-down time, but in poor condition, and do not meet ASTMD3967 – 08 requirements for minimum required sample quantity. The average splitting
tensile strength of these 2 samples is 0.014 MPa (with a standard deviation of 0.004 MPa),
a 97.0% reduction in tensile strength from the control average. Upon quenching, the 8 other
samples boil water around them and disintegrate. The result is a partial or total
disaggregation of the mortar and nothing is left to test (Figure 40).

Figure 39: NHL 5 sample after oven heating, prior to quenching
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Figure 40: Same sample as previous figure—post-quenching; notice severe disaggregation and discoloration of
aggregates

Sample No. 2 is chosen as a sample representative for tensile splitting test conducted at a
speed of .300 mm/min (aiming for a testing time of ~90 seconds), exhibiting a tensile
splitting strength of .016 MPa, a 96.4% decrease from the control. Displacement at failure
is recorded at ~.850 mm, a 22.7% decrease from the control. Tensile splitting is observed
along the vertical centerline between the Instron’s compression plates, where tensile forces
are concentrated but exhibit far more general compressive deterioration during the test than
all other stress-cohorts (Figure 42).
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Figure 41: NHL 5 quenched representative – pre-loading

Figure 42: NHL 5 quenched representative – at failure
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Type K
The following is a description of tensile splitting strength testing of Type K Portland
cement-lime mortar subjected to each stressor.
This mortar consists of Type I/II Portland cement with dry hydrate lime binder, and ASTM
C144–18 Standard Specification for Aggregate for Masonry Mortar graded sands.

Figure 43: Type K samples upon being cut from mortar cores
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Graph 4: Stress-displacement curves of Type K samples representatives under control conditions, heating, saturation,
and quenching

*(do not meet ASTM D3967 minimum required samples)

Control samples
Tensile splitting tests are conducted at speeds of 1.500 – 3.000 mm/min (to keep individual
testing times to ~90 seconds) to 10 samples, with an average tensile splitting strength of
1.729 MPa (with a standard deviation of 0.531 MPa).
Sample No. 10 is selected as best resembling the cohort’s average tensile splitting strength
at 1.828 MPa. Displacement at failure is recorded at 2.153 mm. Most tensile splitting is
observed along the vertical centerline between the Instron’s compression plates, where
tensile forces are concentrated (Figure 45).
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Figure 44: Type K control representative – pre-loading

Figure 45: Type K control representative – at failure
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Saturated samples
Tensile splitting tests are conducted at speeds of .750 – 1.500 mm/min (to keep individual
testing times to ~90 seconds) to 10 samples with an average tensile splitting strength of
1.183 MPa (with a standard deviation of 0.287 MPa), a 38.3% decrease from the control
average.

Figure 46: Type K saturated sample cohort—pre-testing
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Figure 47: Type K saturated sample cohort—post-testing

Sample No. 4 is selected as best resembling the cohort’s average tensile splitting strength
at 1.127 MPa, a 38.3% decrease from the control. Displacement at failure is recorded at
1.785 mm, a 17.1% decrease from the control. Most tensile splitting is observed along the
vertical centerline between the Instron’s compression plates, where tensile forces are
concentrated (Figure 49).
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Figure 48: Type K saturated representative – pre-loading

Figure 49: Type K saturated representative – at failure
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Based on the comparative stress-displacement slopes of tensile splitting strength compared
to displacement that is graphed of the representative sample, saturated samples are weaker
than control samples and similar in stiffness (see Graph 4).
Heated samples
Tensile splitting tests are conducted at speeds of 2.000 – 3.500 mm/min (to keep individual
testing times to ~90 seconds) to 10 samples with an average tensile splitting strength of
0.034 MPa (with a standard deviation of 0.251 MPa), a 98.1% decrease from the control
average.

Figure 50: Type K heated sample cohort—pre-testing; notice chalky exterior appearance
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Figure 51: Type K heated sample cohort—post-testing; notice chalky exterior appearance

Sample No. 7 is selected as best resembling the cohort’s average tensile splitting strength
at .031 MPa, a 98.3% decrease from the control. Displacement at failure is recorded at
~.126 mm, an 94.1% decrease from the control. Most tensile splitting is observed along the
vertical centerline between the Instron’s compression plates, where tensile forces are
concentrated (Figure 53). For all of the samples, some aggregates are pinker in color upon
their surfaces’ and interiors compared to the controls.
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Figure 52: Type K heated representative – pre-loading

Figure 53: Type K heated representative – at failure
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Quenched samples
Only two sample survive the stress of quenching from 24 hrs. of 700oC heat to being
submerged in water with a minimal cool-down time in acceptable condition but do and not
meet ASTM- D3967 – 08 requirements for minimum required sample quantity. The
average splitting tensile strength of these 2 samples is 0.045 MPa (with a standard deviation
of 0.006 MPa), a 97.5% reduction in tensile strength from the control average. Upon
quenching, all other subjected samples boil the water around them and disintegrate. The
result is a partial or total disaggregation of the other mortar samples with nothing tangible
to test.

Figure 54: Type K quenched samples exhibiting severe disaggregation and loss of dimensionality

Sample No. 2 is chosen as a representative for tensile splitting test conducted at a speed of
.300 mm/min (aiming for a testing time of ~90 seconds) on sample No. 1, exhibiting a
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tensile splitting strength of .048 MPa, a 97.4% decrease from the control. Displacement at
failure is recorded at 1.043 mm, 51.6% decrease from the control. Tensile splitting is
observed along the vertical centerline between the Instron’s compression plates, where
tensile forces are concentrated but exhibit far more general compressive deterioration
during the test than all other stress-cohorts (Figure 56).

Figure 55: Type K quenched representative – pre-loading
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Figure 56: Type K quenched representative – at failure
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Type O
The following is a description of tensile splitting strength testing of Type O Portland
cement-lime mortar subjected to each stressor.
This mortar consists of Type I/II Portland cement with dry hydrate lime binder, and ASTM
C144–18 Standard Specification for Aggregate for Masonry Mortar graded sands.

Figure 57: Type O samples upon cutting from mortar cores
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Graph 5: Stress-displacement curves of Type O samples representatives under control conditions, heating, and
saturation

Control samples
Tensile splitting tests are conducted at a speed of 3.000 mm/min (to keep individual testing
times to ~90 seconds) to 10 samples with an average tensile splitting strength of 2.303 MPa
(with a standard deviation of 1.043 MPa).
Sample No. 1 is selected as best resembling the cohort’s average tensile splitting strength
at 2.412 MPa. Displacement at failure is recorded at 1.792 mm. Most tensile splitting is
observed approximate to the vertical centerline between the Instron’s compression plates,
where tensile forces are concentrated (Figure 59).
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Figure 58: Type O control representative – pre-loading

Figure 59: Type O control representative – at failure
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Saturated samples
Tensile splitting tests are conducted at a speed of 2.000 mm/min (to keep individual testing
times to ~90 seconds) to 10 samples with an average tensile splitting strength of 1.369 MPa
(with a standard deviation of 0.692 MPa), a 40.6% decrease from the control average.

Figure 60: Type O saturated sample cohort—pre-testing
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Figure 61: Type O saturated sample cohort—post-testing

Sample No. 3 is selected as best resembling the cohort’s average tensile splitting strength
at 1.169 MPa, a 51.5% decrease from the control. Displacement at failure is recorded at
1.759 mm, only a 1.8% decrease from the control. Most tensile splitting is observed along
the vertical centerline between the Instron’s compression plates, where tensile forces are
concentrated (Figure 63).
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Figure 62: Type O saturated representative – pre-loading

Figure 63: Type O saturated representative – at failure
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Based on the comparative stress-displacement slopes of tensile splitting strength compared
to displacement that is graphed of the representative sample, saturated samples are weaker
than control samples and similar in stiffness (see Graph 5).
Heated samples
Tensile splitting tests are conducted at speeds of .300 – .750 mm/min to (to keep individual
testing times to ~90 seconds) 10 samples with an average tensile splitting strength of 0.035
MPa (with a standard deviation of 0.021 MPa), a 98.5% decrease from the control average.

Figure 64: Type O heated samples – pre-loading; notice chalky exterior appearances

Sample No. 2 is selected as best resembling the cohort’s average tensile splitting strength
at .034 MPa, a 98.6% decrease from the control. Displacement at failure is recorded at
.138 mm, an 92.3% decrease from the control. Most tensile splitting is observed along the
vertical centerline between the Instron’s compression plates, where tensile forces are
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concentrated (Figure 66). For all of the samples, some aggregates are pinker in color upon
their surfaces’ and interiors compared to the controls.

Figure 65: Type O heated representative – pre-loading
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Figure 66: Type O heated representative – at failure

Quenched samples
No samples of Type K mortar survive quenching from 24 hrs. of 700oC heat in an oven to
being submerged in cold tap water with minimal cool-down time. Upon quenching, all 10
subjected samples boil the water around them and begin to disintegrate. The result is a
substantial disaggregation of the mortar with remaining samples that no longer meet
ASTM- D3967 – 08 requirements for size and shape (see Figure 67).
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Figure 67: Type O quenched samples exhibiting severe disaggregation and loss of dimensionality
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Type S
The following is a description of tensile splitting strength testing of Type S Portland
cement-lime mortar subjected to each stressor.
This mortar consists of Type I/II Portland cement with dry hydrate lime binder, and ASTM
C144–18 Standard Specification for Aggregate for Masonry Mortar graded sands.

Figure 68: Type S samples upon being cut from mortar cores
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Graph 6: Stress-displacement curves of Type S samples representatives under control conditions, heating, and
saturation

Control samples
Tensile splitting tests are conducted at speeds of 3.000 – 5.000 mm/min (to keep individual
testing times to ~90 seconds) to 10 samples with an average tensile splitting strength of
3.512 MPa (with a standard deviation of 0.803 MPa).
Sample No. 7 is selected as best resembling the cohort’s average tensile splitting strength
at 3.454 MPa. Displacement at failure is recorded at 1.427 mm. Most tensile splitting is
observed along the vertical centerline between the Instron’s compression plates, where
tensile forces are concentrated (Figure 70).
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Figure 69: Type S control representative – pre-loading

Figure 70: Type S control representative – at failure
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Saturated samples
Tensile splitting tests are conducted at speeds of 2.500 – 2.750 mm/min (to keep individual
testing times to ~90 seconds) to 10 samples with an average tensile splitting strength of
2.687 MPa (with a standard deviation of 0.700 MPa), a 23.5% decrease from the control
average.

Figure 71: Type S saturated sample cohort—pre-testing
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Figure 72: Type S saturated sample cohort—pre-testing

Sample No. 4 is selected as best resembling the cohort’s average tensile splitting strength
at 2.730 MPa, a 21.0% decrease from the control. Displacement at failure is recorded at
4.721 mm (cohort average of 3.709 mm with a 0.522 standard deviation), a 231.0%
increase from the control. Most tensile splitting is observed approximate to the vertical
centerline between the Instron’s compression plates, where tensile forces are concentrated
(Figure 74).
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Figure 73: Type S saturated representative – pre-loading

Figure 74: Type S saturated representative – at failure
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Based on the comparative stress-displacement slopes of tensile splitting strength compared
to displacement that is graphed of the representative sample, saturated samples are weaker
than control samples and similar in stiffness (see Graph 6).
Heated samples
Tensile splitting tests are conducted at speeds of .700 – 3.000 mm/min (to keep individual
testing times to ~90 seconds) to 10 samples with an average tensile splitting strength of
0.150 MPa (with a standard deviation of 0.490 MPa), a 95.7% decrease from the control
average.

Figure 75: Type S heated sample cohort, post-heating and pre-loading

Sample No. 6 is selected as best resembling the cohort’s average tensile splitting strength
at .139 MPa, a 96.0% decrease from the control. Displacement at failure is recorded at
.106 mm, an 92.6% decrease from the control. Most tensile splitting is observed along the
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vertical centerline between the Instron’s compression plates, where tensile forces are
concentrated (Figure 77). For all of the samples, some aggregates are pinker in color upon
their surfaces’ and interiors compared to the controls.

Figure 76: Type S heated representative – pre-loading
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Figure 77: Type S heated representative – at failure

Quenched samples
No samples of Type S mortar survive quenching from 24 hrs. of 700oC heat in an oven to
being submerged in cold tap water with minimal cool-down time. Upon quenching, all 10
subjected samples boil the water around them and begin to disintegrate. The result is a
substantial disaggregation of the mortar with remaining samples that no longer meet
ASTM- D3967 – 08 requirements for size and shape (see Figure 78).
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Figure 78: Type S quenched samples exhibiting severe disaggregation and loss of dimensionality
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Results by stressor cohort
The following is a summary of testing results recontextualized by discussing stressor
cohort tensile splitting strengths (in MPa) comparatively to one another in tables provided
below. Comparative scatter plots of stressor cohorts’ sample representatives for all mortar
types (where applicable) are provided below, providing stress-displacement curves via
tensile splitting strengths (in MPa) and displacements at failure (in mm).

Control samples
Graph 7: Stress-displacement curves of control samples from all mortar types
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Portland cement-lime-based mortars behave in a predicable manner under control
situations with regard to their known, sequentially greater compressive strengths to that of
lime-based and NHL mortars. Interestingly, traditional lime-based mortar outperforms
both NHL 3.5 and 5 mortars in terms of tensile splitting strength and displacement before
failure. This is possibly due to discrepancies in the aggregates used in the traditional lime
formulation, which is an amalgamation of unsorted river sands compared to the ASTM
C144–18 Standard Specification for Aggregate for Masonry Mortar graded sand aggregate
that all other mortars in this thesis consist of. As well, the traditional lime mortar cores are
made several months in advance of the other mortar types and is likely more carbonated,
and therefor harder. Lime-based mortar’s greater displacement at failure than the two
NHLs may also be a result of being an inherently softer mortar in terms of known
compressive strengths. However, this hypothesis negates the fact that the lime-based
representative sample demonstrates ~50% greater tensile splitting strength than NHL 3.5
& 5. Average mortar and sample representative splitting tensile strengths, as well as sample
representative displacement rates at failure are available in Table 1: Original tensile
splitting strengths and displacements at failure compared to post-saturation, with
percentages of change. Additionally, mechanical testing of brittle materials generally
reveals that tensile strength is approximately 1/10 of the compressive strength of said
material. ASTM- D3967 – 08 tensile testing of the control samples of the NHL mortars
(3.5 and 5) supports this general concept (as seen in Graph 7).
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Saturated samples
Regarding the non-Portland cement-lime mortars, the lime mortar exhibits a greater tensile
splitting strength compared to NHL 3.5 & 5 when saturated for 24 hours. Yet, the latter
sample representatives exceed the traditional lime’s in terms of displacement at failure
(Graph 8 & Table 1).
As shown in Graph 8 & Table 1,Type K and O mortar averages of tensile splitting failure
are fairly equalized upon saturation compared to control averages (compared to Graph 7).
Defying the norm, the Type S mortar sample representative demonstrates a 231% increase
in displacement compared to the control samples representative (see Graph 8 & Table 1)—
a disparity in displacement trends, with all other mortar types decreasing in displacement.
Data of all 10 saturated Type S samples do demonstrate the same general increase in
displacement upon saturation compared to control samples.
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Graph 8: Stress-displacement curves of saturated samples from all mortar types

On average, all mortar types exhibit reductions in their tensile splitting strengths upon
complete saturation. The greatest reductions are observed in Type O mortar followed by
lime-based mortar (both demonstrate ~40-45% reductions in tensile strength (Table 1). The
mortar types that demonstrate the least amounts of changes in tensile strength are Type S
followed by NHL 5, both at ~25% (Table 1).
Regarding changes in displacement at failure upon saturation, the sample representative of
the lime mortar exhibits the greatest change at a reduction of 58.7%. Conversely, Type O
representative reduces in displacement at failure by only 1.8%. As discussed earlier, Type
S mortar differs from all other mortars by increasing in displacement by 231% (see Table
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1, below, for a full list of figures). The comparative stress-displacement slopes of tensile
splitting strengths compared to displacements rates graphed from each mortar types’
saturated representatives demonstrates overall weaker strength than control samples yet
similar in stiffnesses, save for the lime samples, which are show a slight increase in
stiffness (see each samples’ respective saturated stress-displacement graphs and Graph 8).
Table 1: Original tensile splitting strengths and displacements at failure compared to post-saturation, with percentages
of change

Saturated Cohorts

Mortar
type

Average
control
tensile
splitting
strength
(MPa)

Average
poststressor
tensile
splitting
strength
(MPa)

Average
percentage (+/%) of change
for tensile
splitting
strength (MPa)

Representative
control sample
tensile splitting
strength (MPa)/
displacement at
failure (mm)

Representative
post-stressor
sample tensile
splitting
strength (MPa)/
displacement at
failure (mm)

Percentage (+/%) of change for
representative
sample tensile
splitting strength
(MPa)/
displacement at
failure (mm)

Lime

0.743

0.412

-44.5

.802/1.824

.397/.753

-50.5/-58.7

NHL 3.5

0.384

0.312

-18.8

.389/~1.100

.257/.750

-33.9/-31.8

NHL 5

0.467

0.351

-24.8

.445/~1.100

.349/.783

-21.6/-28.8

Type K

1.729

1.183

-38.3

1.828/2.153

1.127/1.785

-38.3/-17.1

Type O

2.303

1.369

-40.6

2.412/1.792

1.169 /1.759

-51.5/-1.8

Type S

3.512

2.687

-23.5

3.454/1.427

2.730/4.721

-21.0/+231.0

97

Heated samples
All heated mortar types undergo dramatic physical changes in appearance when subjected
to twenty-four hours of oven heating at 700ºC. Most samples become chalky in appearance,
with an overall lightening in color, while much of the exposed aggregates on the outer
surfaces (and interior, upon splitting) exhibit a pink—to—red coloration. Handheld
examination of each mortar type reveals an increase in brittleness to the edges of each
samples’ outer diameters, with the greatest loss of structural integrity to the outer surfaces
of the lime-based samples. Deterioration of lime-based samples is so great that only 7 of
the 14 samples subjected to heat for this testing cohort survive transportation from the oven
to the Instron testing apparatus, thereby disqualifying this cohort’s testing results from
meeting ASTM D3967 requirements.
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Graph 9: Stress-displacement curves of heated samples from all mortar types

*(do not meet ASTM D3967 minimum required samples)

Save for Type S mortar and lime, all mortar types’ average tensile splitting strengths and
representative displacements at failure are fairly equalized by twenty-four hours of oven
heating at 700ºC, an average range of 0.029 – 0.035 MPa and displacement range of ~0.13
– ~0.17 mm for sample representatives. At the upper limit of heated cohort tensile splitting
strengths, Type S mortar loses an average of 95.7% of its tensile splitting strength
(compared to a 92.4% reduction at 0.029 MPa for NHL 3.5, respectively), yet the sample
representative outperforms the other mortar types by more than 130% in average tensile
splitting strength compared to the next resilient mortar type (Type O). The lime-based
mortar decreases in displacement by a similar 92.7% and results in the lowest tensile
splitting strength at 98.1% decrease from its control. Stiffnesses, interpreted via stress99

displacement slopes of each sample representative, are fairly elevated compared to the
controls for each mortar type, and like tensile splitting strength, are relatively equalized
between all mortars. All figures mentioned above can be seen in Graph 9 & Table 2
Table 2: Original tensile splitting strengths and displacements at failure compared to post-heating, with percentages of
change

Heated Cohorts

Representative
control sample
tensile splitting
strength
(MPa)/
displacement
at failure (mm)

Representative
post-stressor
sample tensile
splitting
strength
(MPa)/
displacement
at failure (mm)

Percentage
(+/- %) of
change for
representative
sample tensile
splitting
strength
(MPa)/
displacement
at failure
(mm)

Mortar type

Average
control
tensile
splitting
strength
(MPa)

Average
poststressor
tensile
splitting
strength
(MPa)

Average
percentage
(+/- %) of
change for
tensile
splitting
strength
(MPa)

Lime

0.743

0. 0.014

-98.1

.802/1.824

.016/.133

-98/-92.7

NHL 3.5

0.384

0.029

-92.4

.389/~1.100

.028/~.140

-92.8/-87.3

NHL 5

0.467

0.029

-93.8

.445/~1.100

.029/~.118

-93.5/-89.3

Type K

1.729

0.034

-98.1

1.828/2.153

.031/~.126

-98.3/-94.1

Type O

2.303

0.035

-98.5

2.412/1.792

.034/.138

-98.6/-92.3

Type S

3.512

0.150

-95.7

3.454/1.427

.139/.106

-96.0/-92.6
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Figure 79: All mortar samples in oven pre-heating at 700ºC for 24 hours

Figure 80: All mortar (except some of the Type S) samples post-heating after 24 hours; samples appear lighter and
all traces of ink from labeling are gone
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Quenched samples
Overall, quenching of all mortar types in cold water after twenty-four hours of oven heating
at 700ºC produces violent reactions that more often than not, destroy or severely affect
samples in a matter of seconds. The ostensible shock of thermal contraction from
quenching combined with instantaneous expansion of steam inside samples’ pores results
in no samples from the lime-based, Type O, and Type S cohorts surviving; with one 1
sample of NHL 3.5, 2 samples of NHL 5, and 2 samples Type K surviving. All 5 of these
surviving samples exhibit extreme disaggregation and structural loss along the same
surface areas affected by the heated cohorts. Ultimately, this loss of material and
dimensionality of these 5 samples, in tandem with low quantities, prohibit them from
meeting ASTM D3967 requirements for tensile split testing. Testing that is performed upon
these surviving samples is done solely for the collection of any novel data that can be
obtained (Graph 10: Stress-displacement curves of quenched samples from all mortar
types). Such novel data suggest that stiffness remains similar in Type K and NHL 5
quenched samples compared to their controls, interpreted via stress-displacement slopes.
The one sample of. NHL 3.5 demonstrates an elevated stiffness.
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Graph 10: Stress-displacement curves of quenched samples from all mortar types

*(no representative cohort meets minimum ASTM sample quantity)

Table 3: Original tensile splitting strengths and displacements at failure compared to post-quenching, with percentages
of change

Quenched Cohorts*
*(no cohort meets ASTM D3967 standard for minimum required samples)
Average
control
tensile
splitting
strength
(MPa)

Average
poststressor
tensile
splitting
strength
(MPa)

Average
percentage
(+/- %) of
change for
tensile
splitting
strength
(MPa)

Representative
control sample
tensile splitting
strength (MPa)/
displacement at
failure (mm)

Representative
post-stressor
sample tensile
splitting
strength (MPa)/
displacement at
failure (mm)

Percentage (+/- %)
of change for
representative
sample tensile
splitting strength
(MPa)/
displacement at
failure (mm)

NHL 3.5

0.384

.032

-91.8

.389/~1.100

.032/~.160

-91.8/-85.5

NHL 5

0.467

0.014

-97.0

.445/~1.100

.016/~.850

-96.4/-22.7

Type K

1.729

0.045

-97.5

1.828/2.153

.048/1.043

-97.4/-51.6

Mortar
type
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Changes in tensile splitting strengths via quenching of mortar samples is significant in that
it is a real-world stressor that compounds the effects of the previous stressor of heating.
Therefore, it is necessary to compare any observable changes in mechanical performance
from heating to quenching. Due to a lack of sample data to meet ASTM D3967 – 08
standards. Table 4, below, is meant to be used qualitatively for judging disparities between
heated and quenched NHL 3.5, NHL 5, and Type K mortar averages, and their sample
representatives.
Table 4: Comparisons of tensile splitting strengths and displacements at failure between heated & quenched cohorts

Comparison of Heated & Quenched Cohorts*
*(no quenched cohort meets ASTM D3967 – 8 standards for minimum required samples)

Average
heated
tensile
splitting
strength
(MPa)

Average
quenched
tensile
splitting
strength
(MPa)

Average
percentage
(+/- %) of
change for
tensile
splitting
strength
(MPa)

Representative
heated sample
tensile splitting
strength (MPa)/
displacement at
failure (mm)

Representative
quenched
sample tensile
splitting strength
(MPa)/
displacement at
failure (mm)

Percentage (+/%) of change for
representative
sample tensile
splitting strength
(MPa)/
displacement at
failure (mm)

NHL 3.5

0.029

.032

+10.3

.028/~.140

.032/~.160

+14.3/+14.3

NHL 5

0.029

0.014

-51.7

.029/~.118

.016/~.850

-94.5/+620.3

Type K

0.034

0.045

+32.4

.031/~.126

.048/1.043

+54.8/+727.8

Mortar type

Results from the full ASTM D3967 – 08 testing cohorts of heated mortar samples
compared to the 1 sample of NHL 3.5, x2 of NHL 5, x2 of Type K surviving quenched
samples do not demonstrate a clear correlation of increases or decreases in mechanical
properties, save for displacement rate rates at failure (Table 4). Regarding tensile splitting
strengths in MPa, the sole NHL 3.5 sample undergoes a 10.3% increase in strength upon
104

quenching, while the average of both NHL 5 samples exhibits a further decrease in strength
from the heated average by an additional 51.7%. Like the NHL 3.5 sample, the average of
both Type K mortar samples shows a 32.4% increase in tensile splitting strength.
Percentages of displacement at failure in millimeters for all 3 mortar types representative
samples exhibit slight-to-dramatic reversals to those of the solely heated representatives,
with a 14.3% increase for NHL 3.5, 620.3% for NHL 5, and 727.8% for Type K.
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Conclusions
Results from ASTM-D3967-08 Standard Test Method for Splitting Tensile Strength of
Intact Rock Core Specimens on lime-based, NHL 3.5, NHL 5, Type K, Type O, and Type
S mortars support interesting conclusions based upon applying the stressors of saturation
for 24 hours, oven heating at 700ºC for 24 hours, and quenching after heating. Takeaways
from this testing include sample survivability, overall post-stressor performance for each
mortar type relative to their control samples, and alterations of appearance of mortar types.
The average control strengths of the mortars generally align with the percentages of the
hydraulic component found in each, decreasing from Type S, to Type O, to Type K, NHL
5, NHL 3.5, to traditional lime. The lime mortar demonstrates a greater tensile splitting
strength than the NHLs possibly due to the longer curing time it is afforded. This
hypothesis suggests that curing time is a prime factor in the development of strength in
lime-rich, i.e., low hydraulic component, mortars.
All mortar samples survive saturation for 24 hours. Saturation conclusively decreases
tensile splitting strengths (in MPa) by 18.8–44.5%, on average (see Graph 8). Depending
on the mortar type, saturation also decreases displacement at failure (in mm) by 1.8—
58.7% in representative samples save for Type S Portland cement-lime mortar, which
demonstrates an increase in displacement by 231.0% (Graph 8). The stress-displacement
graphs for saturated samples generally indicate overall weaker strength than control
samples with similar or lower stiffnesses based on the slopes of these graphs. The one
exception are the lime samples, which show a slight increase in stiffness (see each samples’
respective saturated stress-displacement graphs and Graph 8). To what degree all of these
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mortar types recover their initial tensile splitting strengths during the process of drying is
unknown.
All mortar type samples survive ASTM-D3967-08 testing upon oven heating at 700ºC for
24 hours except 3 out of 10 of the lime-based mortar samples. Heating at this temperature
and duration conclusively decreases tensile splitting strengths by 92.4–98.5% on average
resulting in a strength range of ∼0.01-0.04 MPa or 1.45-5.8 psi (Graph 9 & Table 2).
This mode of heating also decreases displacement at failure (in mm) by 87.3—94.1%.
Both the splitting strengths and slopes are similarly lowered in all mortars, almost to the
point of equalization, compared to the widely disparate strengths and slopes of the control
samples. Heating also noticeably alters the physical appearance of each mortar type by
producing a light, chalky color and texture on their exterior surfaces and commonly results
in a shift towards a pink-to-red color. Assuming that recarbonation begins immediately
after calcination ends, to what degree each mortar type may recover their initial tensile
splitting strengths or original appearance during the process is unknown.
No mortar type cohort fully survives ASTM-D3967-08 testing upon quenching. Of the
samples that survive quenching at all, NHL 3.5 (x1 sample), NHL 5 (x2 samples), and Type
K (x2 samples), minimum sample requirements are not met and therefore only provide
novel qualitative conclusions. Quenching causes a rapid boil encompassing each sample
that tends to quickly disfigure or destroy their physical integrity. Given the limited number
of surviving samples, statistical analysis is not performed.
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Discussion & recommendations
Effects of stressors on mortars
All of the stressors under investigation in this study ultimately have deleterious effects on
the tensile splitting strength of the six mortars under review. To what degree these effects
persist as the mortars normalize through drying or recarbonation is unknown and merits
further investigation. Modes of stressor-provocation (i.e., exposure to open flame as
opposed to convection heating, and spraying water instead of submersion), sample
geometry (i.e., sample shape and size), temperatures, and levels of gradient (i.e., depth and
intensity of temperatures and saturation) may indeed play a critical role in studying these
effects.

Mortars best suited to saturation, heat, and quenching
This study demonstrates that different mortars respond to each stressor in their own
respective manners, with some maintaining a higher degree of original tensile splitting
strength and stiffness. An important factor not examined in this study is the compatibility
of these mortars with their host masonry after subjection to these stressors. Current
literature indicates that common architectural stones experience different changes in
mechanical strength and performance (Sasińska, 2014). These alterations should be
quantified and considered on a case-by-case basis when considering repointing affected
mortars, as material compatibilities may be dramatically altered. Changes in physical
appearance to mortars resulting in subjection to heat and/or quenching should also be
considered. The permanence, or continued alteration, post-stressor, has not been explored
in this study, and also warrants further investigation.
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Upon saturation, NHL 3.5 retains the most original tensile splitting strength with an 18.8%
decrease in performance. Traditional lime-based mortars lose the greatest amount of tensile
splitting strength at decrease of 44.5%, on average. Based on these results (see Table 1), it
can be inferred that in historic, laid masonry structures prone to flooding, lime mortar
should be avoided upon any repointing campaigns and substituted with NHL 3.5, where
feasible.
Upon heating, NHL 3.5 mortars retain the most original tensile splitting strength with an
92.4% decrease in performance (see Table 2). Type O mortar loses the greatest amount of
tensile splitting strength at decrease of 98.5%, on average, followed closely by Type K and
lime-based mortars, both with 98.1% reductions. Due to the dramatic loss of tensile
splitting strengths of all mortar types, it can be inferred that all affected regions of mortar
in a structure exposed to prolonged fire should be replaced. Depending on the host
masonry’s structural integrity, either the original mortar formulation should be used if the
masonry’s condition is relatively unaffected, or a weaker, post-stressor compatible
formulation should be used. It is important to consider that this study tests the effects of
heating on mortar samples under what are considered to be uniform conditions, i.e., that
the size and geometry of each sample, and convection-based heated method produces a
near-isotropic effect on the entirety of each sample. Therefore, this method does not
simulate possible gradients of heat and its effect on mortar that may be more accurate to a
masonry structure exposed to fire where heat may radiate anisotropically through one side
of a masonry wall, or via multiple directions given a complex geometry (e.g., an ornate
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feature). The above argument does not consider the degree to which strengths return to
each mortar type through post-heating recarbonation.
Quenching mortar samples in this study compounds many of the effects of heating, as well
as the unknown factors on performance due to the method of testing. From the limited
samples that survive quenching to undergo testing (see Table 3), NHL 3.5 shows less
reduction in tensile splitting strength than NHL 5, at a loss of 91.8% compared to 97.0%.
Type K mortar reacts almost the same as NHL 5, with a loss of 97.5%. This novel data
suggests that NHL 3.5 preforms best to quenching, however, the overall survival rate of
testable samples for NHL 3.5 mortar compared to the other two types is exactly 1:2.
Therefore, if any inference is to be made from this study, it is that NHL 5 mortar responds
the best to quenching in terms of loss of original tensile splitting strength.
Heating followed by quenching in this study rapidly destroys the physical integrity of
mortar samples in such that (hypothetical) fire-exposed mortars may no longer be present
in masonry joints to the same degree as in their original construction This deteriorated
condition is different from adjacent results on stones subjected to heat and quenching in
which quenching appears to assist in preserving some strength and integrity to the samples
compared to air-cooling, possibly by attenuating continued micromechanical damages
during cooling (Sasińska, 2014).

Recommendations for future testing
Probably the most important factor revealed-but-unexplored in this study is the
performance after the application of heat. Based on current literature, it is known that fire110

induced heat causes varying degrees of micro and macro deterioration to the outer 20 mm
of most building stones, the effects of which are the loss of outer mechanical consolidation
and the formation of cracks, delamination, or sugaring (Gomez-Heras et al., 2009).
Internally, affected stones and cement mortars are known to experience reductions in their
overall compressive and flexural strength upon exposure to fire-level temperatures, leaving
them more vulnerable to mechanical failure during different types of static loading
(Sasińska, 2014; Rongviriyapanich et al., 2016). Similar studies do not indicate significant
changes in the mechanical properties of common architectural stones after immediate postfire quenching (i.e., flexural strength) as opposed to radiantly cooled ones, save for overall
post-heating reduction in physical cohesion, which is clearly observable in this current
study with a variety of mortars (Sasińska, 2014). Mineralogically, studies show that while
temperatures ranging from ~781° to ~916°C are required for calcining naturally occurring
CaCO3 in limestones, while studies have shown that mortar-formed calcite may only
require temperatures of ~600°C to calcinate (Lindroos et al., 2012). While atmospheric
carbonation does reoccur post-firing, discrepancies in the crystalline structures of slaked
dry-hydrate calcite compared to atmospherically re-carbonated free lime, i.e., quicklime,
may have a negative effect on a mortar’s overall mechanical strengths (Lindroos et al.,
2012). Similarly, mortar strength may be further diminished due to quartz aggregates
undergoing significant chances in volume from during its α-β conversion at temperatures
of 573°C (Chakrabarti et al., 1995; Gomez-Heras et al., 2009). To what degree the mortars
in this study may regain original mechanical strengths is unknown.
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Based on the known and unknown consequences of heat on the mechanical performance
of mortars, it is recommended that follow-up testing procedures be performed to investigate
the delayed, or residual effects of these stressors. Such testing would include regular
carbonation testing of samples after subjection to observe the effects of hydration on
residual free lime and any recarbonation post-calcination. In addition, in- or ex-situ testing
can also be performed on saturated mortar samples at varying moisture contents as they are
allowed to desiccate. Conversely, heated samples can be tested at various temperatures
during periods of ramp-up or cooldown, as well as some time after cooldown to
discriminate any recovery in performance via recarbonation. Lastly, a thorough
petrographic analysis of all mortar types, pre- and post-stressors should be undertaken to
better understand changes at a mineralogic scale.
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Appendices
Production notes
Mortar formulations
All of the mortar samples, except for the lime-based mix, are formulated using a sand
aggregate mix conforming to ASTM C144–18 Standard Specification for Aggregate for
Masonry Mortar. Aggregates are graded in-lab by the author with a ratio of ½, ¼, and fine
white silica sand of 680:400:27 for a 1.8kg cache to work with. Simply expressed, a
container or aggregate is produced with 5,440g of ½ sand, 3,200g of ¼ sand, and 2,160g
of fine sand mixed in separate batches with a Hobart electric mixer. The sand is stored at a
relative humidity of approximately 33%. All ingredients used for the production of these
samples (except for the traditional lime-based mortar) was generously provided by
LimeWorks.us, save for the type I/II Portland Cement, which was procured at a general
building supply store.
When mixed, each formulation (save for the lime-based mortar) is packed into cores
consisting of 3” long polyvinyl chloride (PVC) pipes with a 2” inner diameter. Cores are
filled in multiple lifts and compressed by hand at a force similar to that of a tuck-point on
a masonry wall in order to alleviate as many voids as possible. Both sides of each core are
repacked when necessary and troweled to a flush surface. The samples are then stacked in
a closed—yet breathable—container shared with a 1kg saturated solution of sodium
chloride in a bowl of 700ml of deionized water, to produce a relative humidity of ~75%
and left to carbonate for one week.
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Lime-based samples
The lime-based mortar samples consist of dry hydrate, high calcium hydrated lime at a 1:2
binder to aggregate by volume. Unlike the rest of the mortars in this study, aggregates are
river sands that do not meet ASTM standards but are more traditionally authentic. Mixing
utilized enough deionized water to produce a desired workability. The following is a table
of passing sand grades contained in this formulation:
Table 5: sand grading permeameters for ASTM standards vs. river sand used for lime-based mortar samples

River-sand grading percentages for lime-based mortar
Sieve

#

Percent Passing (ASTM)

Percent Passing (river sand)

4

100

100

8

95-100

100

16

70-100

58

30

40-75

34

50

10-35

16

100

2-15

6

200

0-5

2

This is not an ASTM compliant sand as the precents passing #16 and #30 are below ASTM
requirements and the sum of precents passing #16 and #30 exceed 50% of the total sand
mixture.
NHL 3.5 & 5 samples
Both sets of NHL mortars (3.5 & 5 N/mm² strengths) consist of a 1:2 St. Astier natural
hydraulic lime binder to and ASTM C144–18 graded sand aggregate. Both the NHL 3.5 &
5 mortars are produced in single batches with identical amounts of water.
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Table 6: Natural hydraulic lime mortar (1:2) formulations

Natural Hydraulic Lime Mortar (1:2) Formulations
Mortar

NHL 3.5

NHL 5

Binder (oz. By vol.)

30

30

Aggregate (oz. By vol.)

60

60

Water (ml)

600

600

Portland cement-lime samples
Portland cement-lime, types K, O, and S samples consist of Quickcrete® brand “type I/II”
Portland cement, Carmeuse high calcium dry hydrate lime, and ASTM C144–18 graded
sand aggregate. A .45 water-to-cement ratio is used during production of these mortars for
a balance of compressive strength and workability. However, these three cement-lime
mortars require extra water to reach a satisfactory consistency. Below is a table of their
formulations:
Table 7: Types K, O, & S Portland cement-lime mortar formulations

Types K, O, & S Portland cement mortar formulations
CEMENT:LIME:AGGREGATE
(RATIOS)

Type “K”
(1:3:10)

Type “O”
(1:2:9)

Type “S”
(2:1:9)

PORTLAND CEMENT
(oz. by vol.) / (weight in g.)

7 / 310.68

8 / 310.24

16 / 536.37

LIME
(oz. by vol.) / (weight in g.)

21 / 294.02

16 / 223.26

8 / 110.63

70

72

72

139.81

234.04

241.37

350

200

200

489.81

434.04

441.37

AGGREGATE
(oz. by vol.)
WATER AT DESIRED .45 WATERTO-CEMENT RATIO
(g/ml)
ADDITIONAL WATER ADDED
FOR WORKABILITY
(g/ml)
TOTAL WATER USED
(g/ml)
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Curing process
To meet and surpass ASTM C270 − 19a requirements for cure time or mortars, samples are
cured beyond the standard 28-day minimum with a carbonation enhancing wetting
processes. Samples undergo varying durations of wet/dry cycles and a variety of peakcycle humidity levels under different modes of moisture application (i.e., misting and
submerging).
Immediately after their initial set up in PVC molds (see
Figure 81 & Figure 82), all of NHL samples are packed together in a perforated plastic
crate then placed within a plastic storage container. To provide a continuous moisture
supply of approximately 75% RH for the first ten days of curing, a saturated solution of
sodium chloride (1kg of NaCl in 700ml of deionized water) is placed inside the container
next to the samples, hydrating the environment until an alternating wetting-drying cycle is
to be introduced. After ten days of setup, molds removed from the curing container and
each mortar core is extracted from its PVC mold (see Figure 83& Figure 84).
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Figure 81: Type K mortar cores in PVC molds after initial set up time

Figure 82: Typical mortar core removal from PVC mold by snapping pre-cut kerf in mold; mortar core then pushed
out
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Once extracted from PVC and with all of their surface areas exposed to air, the Portland
cement-lime-based cores are separated from the other types and placed on plastic trays
draped with multiple layers of damp paper towels. Over the next two months of curing
time, these samples would be sprayed with tap water and their draped coverings
remoistened, daily, until they were cut into individual samples.

Figure 83: NHL 5 cores exposed
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Figure 84: Extracted NHL mortar cores carbonating for ten days in a minimally ventilated container with sodium
chloride solution

NHL, lime-based, and cement-lime-based mortar cores are subject to daily saturation via
submergence in tap water for 20 minutes daily. Upon daily saturation, all cores are placed
on trays draped with two layers of paper towel that are remoistened daily with sprayed tap
water. The cylindrical cores are laid horizontally to aid in drying with the maximum
amount of surface area exposed to the air. this is a ~70-day process before cutting into
individual samples that fully saturated each core and allowed them to dry all but
completely. The lime-based cores are created ~3 months prior to the NHL and cementlime-based mortars, allowing even further carbonation, pre-cutting.
Cutting
Cutting of the mortar cores into individual samples is performed under two differing modes
to economize quality of samples and efficiency regarding the strengths of each mortar type
122

during carbonation. Early cutting tests on the expectedly weaker lime-based and NHL
samples indicate that a precision wet-saw is necessary to cut them as their interior cores
are significantly less cured than that of their exterior surfaces (see Figure 85). Alternatively,
a commercial tile saw is found to be sufficient to cut the cement-lime-based cohorts (Figure
86).
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Figure 85: an NHL 3.5 mortar core being cut into samples by a precision wet saw
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Figure 86: a Portland cement-lime mortar core on a commercial wet saw having its end squared before being cut
into samples

Lime-based and NHL cores are cut using a Struers Accutom-50 automatic precision cutoff machine. A Struers MOD15 ceramic and mineral (>HV 800) diamond cut-off wheel
(with a blade size of 152.00 mm in diameter x 0.40 mm x 12.70 mm diameter) is used for
precision cuts. Blade speed was kept at 3000 rpm with an insertion distance of 30.00 mm
(same as the approximate radius of each sample) while it is fed into rotating samples at
0.14 mm/s. Type K, O, & S samples are cut on a commercial tile-cutting wet saw.
Ultimately, 56 samples were produced from the Type K mortar cores; 51 samples from
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Type O; 43 from Type S; 48 from the NHL 5 cohort; 52 from NHL 3.5; 46 samples of
lime-based mortar (see Figure 87).

Figure 87: All mortar cohorts ready to be tested; from left to right, top to bottom—Types S, O, K, NHL 5, NHL 3.5,
and traditional lime

Final preparation
Once cut into individual samples, each mortar type undergoes the same wetting and dry
process as was committed as they are cores for an additional ~six months. This post-cutting
enables each sample to more efficiently receive moisture to hydrate free lime and to
exchange atmospheric CO2 for further carbonation. NHL 3.5 & 5, and Portland cementlime mortars Types K, O, & S ultimately cure for ~8 months before subjection to the
ASTM-D3967-08 Standard Test Method for Splitting Tensile Strength of Intact Rock Core

126

Specimens. The lime-based samples have a total time of roughly 12 months before they are
tested due to their earlier production.
The final step before testing for all samples is a thorough examination of their outer
surfaces and dimensionality to make sure that all meet ASTM-D3967-08 specifications.
Any irregularities are sanded off with fine grit sandpaper adhered to a flat surface. Limebased samples have their radial faces evenly parged with high strength gypsum plaster to
fill in voids or areas of minor disaggregation and are then sanded evenly with the other
mortars.
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Limitations
This thesis does not intend to devise the ideal or most effective means of laboratoryconditions of advanced curing or carbonation for mortars, nor the best or most realistic
mode of reenacting real-world fires in historic structures. The methods in use for the
production of samples reflect the timeframe, resources, and working knowledge of the
author. Regarding the constitution and quality of test samples, results are satisfactory but
could be recreated with more specialized equipment and tightly controlled conditions for
the sake of quality control. This concern also reflects the author’s desire to have more fully
cured samples and a greater breadth of mortar types for testing. Hopefully, future research
projects will expound upon the concepts explored in this study and utilize the
recommendations stated above.
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